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We present high-resolution thermal diffusivity measurements on several near optimally doped
electron- and hole-doped cuprate systems in a temperature range that passes through the Mott-
Ioffe-Regel limit, above which the quasiparticle picture fails. Our primary observations are that the
inverse thermal diffusivity is linear in temperature and can be fitted to D−1Q = aT + b. The slope
a is interpreted through the Planckian relaxation time τ ≈ ~/kBT and a thermal diffusion velocity
vB , which is close, but larger than the sound velocity. The intercept b represent a crossover diffusion
constant that separates coherent from incoherent quasiparticles. These observations suggest that
both phonons and electrons participate in the thermal transport, while reaching the Planckian limit
for relaxation time.
The standard paradigm for transport in Fermi-liquid
metals relies on the existence of well-defined quasiparti-
cles. Transport coefficients such as electrical and thermal
conductivities can then be calculated using Boltzmann
theory, where the electrons are treated semiclassically
[1]. However, such an approach fails when the quasi-
particle mean free path becomes comparable to its de
Broglie wavelengths. Beyond this so-called Mott-Ioffe-
Regel (MIR) limit [2], the material is dubbed a “bad
metal” [3], and transport becomes “incoherent,” as the
notion of momentum eigenstate quasiparticles fails. A
new theoretical framework is needed to describe this
regime, while new experiments, complementary to the
extensively studied electrical resistivity, are needed to
provide an additional perspective on the problem.
In the absence of a microscopic transport theory, one
may still use thermodynamics supplemented by conti-
nuity equations for the charge and energy as conserved
quantities. In the absence of thermoelectric effects, this
approach leads to Einstein relations for the electrical
conductivity σ = χDe and the thermal conductivity
κ = cDQ, which are expected to hold regardless of the
presence of quasiparticles. Here, χ = e2(dn/dµ) is the
charge susceptibility and is proportional to the density of
states, c is the specific heat, and De and DQ are charge
and thermal diffusivity, respectively. It is therefore inter-
esting to explore transport in a non-quasiparticle regime
by studying the diffusivities directly. Indeed, in recent
studies diffusivity was singled out as a key observable for
incoherent non-quasiparticle transport, possibly subject
to fundamental quantum mechanical bounds [4], particu-
larly a minimum “Planckian” relaxation time τ ∼ ~/kBT
[5], which leads to the iconic linear resistivity that per-
sists beyond the MIR limit. Such a behavior has been ob-
served in numerous resistivity measurements on strongly
correlated materials including the hole-doped [6] and
electron-doped [7] cuprate superconductors. However, no
sufficient studies have been performed for thermal trans-
port in these materials, despite evidence from early stud-
ies by Allen et al. [8], and more recent data from Zhang
et al. [9], suggesting that thermal transport in the high-
temperature regime of the strongly correlated cuprate
superconductors must involve incoherent electrons and
phonons.
In this letter we report new high-resolution thermal
diffusivity measurements on single crystals of nearly op-
timally doped electron doped cuprates Sm2−xCexCuO4
(SCCO), Nd2−xCexCuO4 (NCCO), Pr2−xCexCuO4
(PCCO), and near optimally doped Bi2Sr2CaCu2O8
(BSCCO) in the temperature range of 100 to 600K. These
material exceed the MIR limit in resistivity [2] above
∼250 to 300 K [7]. Unlike the hole doped cuprates, the
electron doped cuprates do not lose oxygen upon heating
and thus can be studied to relatively high temperatures.
In addition, comparing “as grown” with “annealed” sam-
ples allow for comparison of disorder effects on the high
temperature thermal transport. Our primary observa-
tion is that for all samples we measured the inverse dif-
fusivity is linear in temperature, and can be fitted to
D−1Q (T ) = aT + b =
(
αv2B
~
kBT
)−1
+D−10 , (1)
The slope a is interpreted as a result of the product
of a diffusion velocity vB , a Planckian relaxation time
τ ≈ ~/kBT , and an order-unity constant α. The con-
stant b = D−10 represents a quantum-diffusion constant
separating incoherent transport from a regime with well-
defined quasiparticles, and will be discussed further be-
low. In the absence of an exact theoretical guidance we
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2set α = 1, and estimate vB to be about twice to three
times the sound velocity in that material. Comparison to
literature data for diffusivity of undoped or lightly doped
insulators of similar materials, we observe that b = 0
and the extracted velocity is close to the sound veloc-
ity of the respective material. These observations unam-
biguously establish the substantial participation of elec-
trons in the thermal transport and suggest that also the
phonons reach the Planckian limit for relaxation time.
Samples preparation methods are discussed in the Sup-
plemental Material. For the high resolution thermal dif-
fusivity measurements we use a photo-thermal micro-
scope previously used in ref. [9], and described in details
in the supplementary Materials section. Using this appa-
ratus, the thermal diffusivity is obtained directly, with-
out the need to measure the thermal conductivity and
specific heat separately. An advantage of this apparatus,
exploited in our previous study of underdoped YBCO,
is the ability to measure the full in-plane anisotropy of
the thermal diffusivity by orienting the pair of laser spots
at any orientation with respect to the crystal axes. The
mobility in the optics is further used for diagnostics of
spatial uniformity of the thermal diffusivity values. Elec-
trical resistivity was measured in the ab-plane on some
of the samples for comparison.
The stability of oxygen in the electron-doped cuprates
allow for measurements up to 600K. The ab-plane ther-
mal diffusivities of two single crystal Sm1.84Ce0.16CuO4,
two Nd1.85Ce0.15CuO4, an as grown and an annealed
sample for each material, and a Pr1.87Ce0.13CuO4 an-
nealed sample were measured from 100-350K(SCCO as
grown) and 100-600K(all others). Thermal diffusivity of
BSCCO was only measured to ∼ 420 K, above which
the crystal loses oxygen in vacuum. Examples of our
diffusivity results are shown in Fig. 1, where the rest of
the data is shown in the Supplemental Material. These
ranges of temperature capture the behavior below and
above the resistive MIR limit. To appreciate the qual-
ity of the data, we refer to the Supplemental Material,
which shows a typical frequency response of the phase
shift from which we determine the value of DQ. The sin-
gle coefficient fit means that for time scales of (20kHz)−1
to (200Hz)−1 DQ is unique, indicating thermal transport
of a uniform “fluid”. We emphasize that all data pre-
sented in this paper show similar behavior.
We first note that above ∼ 200K, the thermal diffu-
sivities of all these materials are very low[10], indicating
that in addition to being bad electrical conductors, they
are also bad thermal conductors, similar to complex in-
sulators such as perovskites [11]. An initial estimate of
the electronic contribution to the thermal conductivity
based on resistivity measurements and the Wiedemann-
Franz law suggests that electrons contribute only about
10% to 20% of the total thermal transport in the rele-
vant temperature range (see e.g. [8, 12]). Thus, assum-
ing thermal diffusivity that is dominated by phonons, we
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FIG. 1. Examples for thermal diffusivity in the ab-plane
measured as function of temperature using the optical setup.
a) Nd1.85Ce0.15CuO4 annealed, and b) Optimally doped
Bi2Sr2CeCu2O8+x with Tc = 92K. Statistical error is smaller
than the data points. A systematic error of ∼ 5% is estimated
as a result of calibration of the optical paths, and the finite
size of the focused laser spots.
can estimate a thermal phonon mean-free-path `phQ from
the measured thermal diffusivity DQ using the speed of
sound vs as a typical phonon velocity: DQ ∼ vs`phQ . Fol-
lowing similar estimates for complex insulators [11], we
use compressional sound velocity [13], with the rational
that much of the heat is transported by the longitudi-
nal acoustic LA mode, since it involves excursions of
atoms along the direction of heat propagation. We es-
timate at room temperature `phQ (295K) ∼6A˚ for the
electron doped cuprates, `phQ (295K) ∼5A˚ for near op-
timally doped Bi2Sr2CaCu2O8, and `
ph
Q (295K) ∼3A˚ for
underdoped YBa2Cu3O6+x[9]. All these estimates yield
mean free paths that are of order of the lattice constant
(∼ 4A˚), which lead us to conclude that phonons are very
strongly damped, with many modes poorly defined in this
temperature range. Furthermore, the fact that the “as
grown” and “annealed” samples show similar results sug-
gest that disorder does not play a major role in the ther-
mal transport in this high temperature regime. In fact,
similar conclusion was already reached by Allen et al. [8]
in their study of thermal conductivity in the hole-doped
Bi2Sr2CaCu2O8 and insulating Bi2Sr2YCu2O8 cuprates.
Moreover, a recent comprehensive study of LA acoustic
branch corresponding to the compressional sound veloc-
ity in BSCCO crystals (vs ≈ 4.37×105 cm/s) show strong
deviation from a simple harmonic mode, accompanied by
interaction with optical modes already at 240K [14]. This
conclusion is even more acute as we will argue below,
that part of the measured thermal diffusivity is due to
electrons, and in particular since the thermal diffusivity
continue to decrease above room temperature according
to Eqn. 1. A more detailed comparison of the length
scales is given in the Supplemental Material.
Another notable feature of the data is that the inverse
thermal diffusivities D−1Q (T ) at high temperatures are
linear in T . Fig. 2 shows the same data of Fig. 1 plotted
as inverse diffusivity, together with a high temperature
fit to the form in Eqn. 1. For comparison, we also show
resistance measurements on the NCCO and BSCCO sam-
ples in the same temperature range, where, as was pre-
3viously established, they cross the MIR limit. These ob-
servations further support our previous assumption that
underdoped YBCO crystals would have reached a sim-
ilar linear dependence if they could be measured above
room temperatures (the temperature range was limited
to below room temperature to assure the same crystal
structure and oxygen ordering and doping [15]). Thus,
for comparison we also show in Fig. 2 our previously pub-
lished data on underdoped YBCO crystals [9], together
with a high temperature linear fit asymptote. Unique to
this system was the similar behavior of the inverse dif-
fusivity and the resistivity anisotropies, which was taken
as a proof that both phonons and electrons participate in
entropy transport above the MIR limit, possibly moving
as a “soup” of overdamped electron-phonon fluid.
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FIG. 2. Inverse thermal diffusivityD−1Q (T ) as function of tem-
perature of optimal electron doped NCCO, SCCO, PCCO,
optimal hole doped BSCCO crystal, and two underdoped
YBCO crystals from [9]. Solid lines show linear fit in the
form D−1Q = aT + b to the data above 300K for electron
doped cuprates, above 250K for BSCCO, and above 200K for
YBCOs. Dotted lines show the same fit extended to lower
temperatures. Insets in a) b) f) show 4-terminal resistance
measured on the same crystals in arbitrary units.
A T−1 temperature dependence of the phonon relax-
ation time is ubiquitous in highly crystalline insulators
(silicon, sapphire, etc.) at very high temperatures, tra-
ditionally explained as a consequence of Umklapp scat-
tering of phonons with a scattering rate that decreases
as θD/T [16], often commencing well below the Debye
temperature [17]. However, in the presence of impurities
or other forms of disorder that limit the mean free path,
as the temperature increases the thermal conductivity ei-
ther saturates or weakly increases, approaching the pure
crystals’ high temperature limit (i.e. Umklapp limit)
from below [18, 19]. In most of these cases Umklapp scat-
tering alone is unlikely to be sufficiently strong to account
for the observed small mean-free path [20, 21]. Other re-
laxation channels, such as higher order phonon scattering
and in particular scattering of acoustic phonons by inter-
action with optical phonons may dominate the thermal
transport, particularly in complex material systems. In
the presence of electrons, phonon-electron scattering rate
may be the dominating high-temperature cause of the ob-
served short phonon mean free path (see e.g. [20, 22]).
Indeed, relevant to the present study are the com-
plex insulators that host the electronic systems of the
cuprates, where the unique crystal structure result in
a very complex phonon-band structure, with optical
phonon modes (many of them dispersive), that much ex-
ceed in energy the equivalent kBT -range of the experi-
ments. In addition, structurally complex systems such
as perovskites typically exhibit tilting of octahedra, dis-
tortions of octahedra sites, disorder of the cation inside
the octahedra, and when doped, anti-site disorder, all
of which contribute to their low thermal conductivity
[11, 21]. A recent extensive study of insulating oxide
perovskite compounds at elevated temperatures [11] re-
vealed that their inverse thermal diffusivity exhibit a high
temperature regime of `phQ < a, that is dominated by a
T -linear term. More recently, Martelli et al. [23] pub-
lished detailed study of thermal transport in SrTiO3,
where at high temperatures a D−1Q ∝ T behavior was
observed, and the prefactor was set by the sound veloc-
ity and Planckian relaxation time τ ≈ ~/kBT [24]. The
thermal conductivity at high temperatures can be fur-
ther reduced by introducing low levels of Nb or Ca dop-
ing, pushing it closer to the minimum phonon thermal
conductivity allowed in pure crystals.
The above discussion motivates us to interpret the ob-
served D−1Q (T ) = aT + b behavior in a similar way to
the complex insulators. Apart from the constant, “b”,
the thermal diffusion is characterized by a velocity vB , a
Planckian relaxation rate τ ≈ ~/kBT and an order-unity
constant α, which depends on the dimensionality of the
system and the precise coefficient in the expression of τ .
The intercept, D−10 , which is the extrapolated T → 0
limit of D−1Q (T ), will be interpreted below as a quan-
tum diffusion constant that separates the coherent from
incoherent regimes of the electronic part of the thermal
transport. This constant is zero for insulators (see e.g.
[23]), which further demonstrate the fact that it is an
incoherent current of both, electrons and phonons that
4transport entropy in the high temperature regime.
Since a prefactor for a Plankian relaxation time has
not been rigorously calculated for these systems, choosing
an appropriate α is somewhat arbitrary. A reasonable
choice would be to take α = 1 (further discussion on
the choice of α is given in the Supplementary Material).
The results for the diffusion velocity, vB for the different
materials are given in Table I. For comparison we also
show the respective speed of sound vs and Fermi velocity
vF for each of these material systems. Note that the
fitted vB are very similar in magnitude, indicating very
similar slope of D−1Q in the T-linear regime.
TABLE I. Effective thermal diffusion velocity vB and effec-
tive diffusion mass mD (in terms of free electron mass me)
extracted from the fitting form Eq. 1 of measured thermal dif-
fusivity. Here “(n)” denotes “annealed” and “(g)” denotes “as
grown”. For YBCO, “(a)” denotes a-axis and “(b)” denotes
the chain b-axis. We also list the experimentally determined
speed of sound vs [13, 25] and Fermi velocities vF [26–28].
vs vB(α = 1) vF mD
sample [105cm/s] [106cm/s] [107cm/s] [me]
NCCO0.15(g) 7.0 1.7 2.5 4.0
NCCO0.15(n) 7.0 1.6 2.5 2.6
SCCO0.16(g) 5.9 1.7 2.0 5.2
SCCO0.16(n) 5.9 1.5 2.0 5.0
PCCO0.13(g) 6.25 1.8 2.1 4.6
BSCCO 4.37 1.7 2.4 12
YBCO6.75(a) 6.05 1.1 2.25 5.3
YBCO6.75(b) 6.5 1.5 − 2.2
YBCO6.60(a) 6.05 1.0 2.1 6.8
YBCO6.60(b) 6.5 1.4 − 3.3
We now turn to the residual diffusion constant D0.
Since this T → 0 intercept of the inverse diffusivity is
observed only for the doped systems with appreciable
carrier density, we conclude that this term is a conse-
quence of the electronic contribution to the thermal dif-
fusivity. However, since this term is extracted from above
the MIR limit, where quasiparticles are not well defined,
it will not make sense to interpret this term as a true
zero-temperature limit obeying Matthiessen’s rule. This
empirical rule relies on coherent quasiparticles and its ex-
trapolation to zero-temperature yields the impurity scat-
tering. However, in the spirit of this rule, where the full
scattering rate of quasiparticle is the sum of all scattering
rates, we can interpret the constant b = D−10 as a limit-
ing rate for incoherent quasiparticles. This then must be
the quantum of diffusion at the MIR limit, where we sub-
stitute kF ` = 1 into DMIR =
1
3vF `, yielding D0 =
1
3
~
mD
,
where mD is an effective mass associated with the diffu-
sion process. This term also describes the limiting rate of
spread of a wavepacket of momentum-state quasiparticles
of mass mD in time (see e.g. [29]), which should cease to
be applied above the MIR limit. For example, effective
mass extracted from quantum oscillations measurements
on NCCO with Ce doping x = 0.15 yielded m∗ ≈ 3me
[30], while the effective mass extracted from specific heat
and Raman measurements on a similar Pr2−xCexCuO4
(PCCO), with Ce x = 0.15 is in the same range [31, 32].
On the other hand, single particle mass enhancement ex-
tracted from optical conductivity data on PCCO and
NCCO with similar doping, and at room temperature,
yielded m∗ ≈ 6me [33]. For BSCCO2212 OP, m∗ is es-
timated from specific heat to be 8.4 ± 1.6me[34], while
for YBCO6.60 optical conductivity[35] and quantum os-
cillation was [36] found m∗ ∼ 2 − 3me. While these
m∗ values have been extracted in different temperature
regimes, and using different techniques, they all seem to
be quite similar to mD, which further support our con-
jecture about D0.
Finally we briefly discuss the resistivity above the MIR
limit. As we observe from the insets in Fig. 2, as well
as previous studies on similar material systems [7, 37],
the resistivity of the electron-doped cuprates behaves as
ρ ∝ T y, with y ≥ 1. The case of T 2 resistivity has been
discussed in detail recently [38], pointing out that a T 2
behavior at high temperatures is inconsistent with the
standard Fermi liquid theory without hydrodynamic ef-
fects. Assuming in the limit where all relaxation times
are bounded by ∼ ~/kBT , thermal and charge diffusivi-
ties are expected to be equal, which, by using the Einstein
relations, implies that the electronic susceptibility obeys
χ = (ρDe)
−1 ≈ (ρDQ)−1 ∝ T 1−y (2)
While such estimation is in not an exact quantitative
prediction, the decrease in χ as T increases is qualita-
tively consistent with the loss of carrier density at high
temperature, which could be one interpretation of op-
tical conductivity measurements in both hole-doped and
electron-doped cuprates[39, 40]. Recent theoretical argu-
ments for possible reduced electron susceptibility at high
temperatures were discussed by Perepelitsky et al. [41]
in their high-temperature expansion studies of the Hub-
bard model, and by Werman et al. [42], for a specific
model with strong electron-phonon interaction.
On the other hand, the near optimally-doped
Bi2Sr2CeCu2O8 displays T -linear resistivity with typical
slope found in many hole-doped cuprates (see e.g. [43]) ,
thus allow for a direct comparison of DQ and De. In par-
ticular we are interested in the velocity that controls the
two diffusion constants above the MIR limit where the re-
laxation time reaches the Planckian limit. While for ther-
mal diffusion we obtained a velocity vB ≈ 1.7×106cm/s,
the slope of the resistivity yields ve ≈ vF , that is, the
charge diffusivity seems to be controlled by the Fermi
velocity as is also evident from the data of Bruin et al.
[43]. Note that here we assume a constant charge sus-
ceptibility χ. We believe that this result is particularly
important for any attempt to construct a complete de-
scription of transport above the MIR limit as we show
that the two processes, thermal and charge transports
5can be governed by the same Planckian relaxation time
but different velocities.
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MATERIALS, METHODS AND
ADDITIONAL INFORMATION
Single Crystals Growth
Sm1.84Ce0.16CuO4 and Nd1.85Ce0.15CuO4 single crys-
tals were prepared by self-flux with a typical size of 0.5×
0.5×0.03 mm3 as described in Ref. [44]. Some of the crys-
tals were then reduced in a low-oxygen anneal to achieve
a sharp superconducting transition. Bi2Sr2CaCu2O8+δ
single crystals were grown using the traveling-solvent
floating-zone technique describe in [45].
Thermal Diffusivity Measurements
Principles of the Photothermal Apparatus
For the high resolution thermal diffusivity measure-
ments we use a home-built photothermal microscope.
The microscope views the sample through a sapphire op-
tical window in a cryostat, with the sample mounted to a
cold finger just under the window. A schematic is shown
in Fig. 3. A heating laser at 637 nm and a probing laser
at 820 nm are focused onto the sample surface by the
microscope objective. The focused spots have Gaussian
radii of approximately 1µm and 2µm, respectively, due
to the diffraction limit of different wavelengths, and can
be moved independently over the sample surface. A cam-
era allows us to observe the sample surface nearby, align
the spots in a particular orientation with respect to the
crystal, and determine the distance between the spots.
The output power of the heating laser is modulated
with a sinusoidal profile P (t) = P0[1 + sin(ω0t)]. The
modulation frequency ω0/2pi has a typical range of 500
Hz - 50 kHz, much slower than the microscopic equili-
bration on the order of picoseconds. This means that the
parameters extracted are all within the in the DC limit
of linear response, and that the dependency on the mod-
ulation frequency can be neglected. The probing laser is
aimed at a spot a small distance (typically 10 − 20 µm)
away from the heating laser. The reflected light from the
probing laser is diverted by an optical circulator and fed
into a photodetector. The AC component of the photode-
tector signal is then fed to a lock-in amplifier referenced
to the laser modulation and the amplitude and phase are
measured.
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FIG. 3. (color online) The schematic shows the optical paths
of the setup. (a) Path of the heating laser (b) Path of the
probing laser. The reflected light traverse the same path
before gathered by a photodetector. (c) Path of illumina-
tion light source and camera vision. (d) Focused laser spots
at typical measurement separation distance. The screenshot
is taken on a TaS2 sample surface for visual interest, where
atomically flat terraces can be seen. The surface of crystals
measured in the main text are mostly featureless. The dim
hexagonal pattern visible in the lower left corner is the reflec-
tion on the fiber bundle used in the illumination source.
Measuring Thermal Diffusivity
The diffusive transport of heat is governed by the dif-
fusion equation
∂ δT (t, ~r)
∂t
−D∇2 δT (t, ~r) = q(t, ~r)
c
(3)
where δT is the temperature disturbance above the am-
bient temperature T , ~r = (x1, x2, x3) is the spherical
radial coordinate given in terms of the euclidean prin-
cipal axes xi, q is the absorbed power density, c is the
volumetric specific heat capacity, D ≡ κ/c is the thermal
diffusivity, and κ is the thermal conductivity. Note that
c and D are themselves functions of T , but in the limit
of weak heating δT << T , we make the approximation
c(T + δT ) ≈ c(T ) and D(T + δT ) ≈ D(T ). The temper-
ature disturbance from both lasers is estimated to be .1
K through out the temperature range, so the previous
approximation is valid.
The modulated power of the heating laser causes rip-
ples in the temperature profile at the sample surface, the
resulting change in reflectivity can then be picked up by
the probing laser. It is useful to write the response in
frequency space δ˜T (ω,~r), where
δT (t, ~r ) =
∫ ∞
−∞
δ˜T (ω,~r) exp(−iωt)dω (4)
We model the focused heat source as a point source,
q(t, ~r ) = P0e
−iωtδ3(~r). This approximation is valid as
long as the distance from the heating spot is much larger
than the spot radius. In a semi-infinite isotropic sys-
tem, the temperature profile is spherically symmetric and
8takes the form
δ˜T (ω, r) =
P0
κ
1
r
exp
(
−
√
ω
2D
r
)
︸ ︷︷ ︸
amplitude
exp
(
− i
√
ω
2D
r
)
︸ ︷︷ ︸
phase
(5)
We vary the separation distance to verify the semi-
infinite 3D system assumption and the small spot as-
sumption, and we vary the heating power to verify the
weak heating assumption. Our measurement gives us the
response at the modulation frequency ω0. Because the
separation distance between the lasers spots was mea-
sured using camera vision and each individually mounted
sample comes at a small random tilt, a systematic error
on the order of 5% is associated to each set of measure-
ments. Although both the amplitude and the phase of
the solution carry information about D, in actual mea-
surements factors such as mechanical vibrations, fluc-
tuations in the laser power, surface imperfections, and
the temperature dependence of the differential reflectiv-
ity dR/dT affect the amplitude of the reflectivity oscil-
lation. These factors only enter the solution by multi-
plying real numbers, and thus do not affect the phase of
the signal, which is therefore the more robust probe. We
obtain D by fitting the phase delay φ between the source
and the response signals as a function of ω at fixed r:
D = ωr2/2φ2. A typical fit is shown in Fig. 4. We check
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FIG. 4. A typical phase delay as a function of heating laser
modulation frequency, φ(ω0)(red dot with orange error bars)
obtained by sweeping ω0. This particular set is measured on
an annealed Nd1.85Ce0.15CuO4 at a separation distance of
13.9µm. The blue line is a fit using the form in Eqn. 5.
the homogeneity of the crystals by repeating measure-
ments at different positions on the surface, and check the
isotropy/anisotropy by rotating the relative orientation
between the laser spots.
The results of the diffusivity measurements of all the
samples discussed in the main text are shown in Fig. 5.
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FIG. 5. Thermal diffusivity in the ab-plane mea-
sured as function of temperature using the opti-
cal setup. a) Nd1.85Ce0.15CuO4 as grown, 100K-
600K. b) Nd1.85Ce0.15CuO4 annealed, 100K-600K c)
Sm1.84Ce0.16CuO4 as grown, 100K-350K. (The irregularity
around 120K is likely due to disturbance in the optics instead
of intrinsic properties of the material). d) Sm1.84Ce0.16CuO4
annealed, 100K-600K. e) Pr1.87Ce0.13CuO4 as grown, 100K-
600K. f) Optimally doped Bi2Sr2CeCu2O8+x with Tc = 92K,
120K-415K.
Resistivity Measurements
The ab-plane resistances of the samples were measured
in a van der Pauw configuration. On the electron doped
cuprates, four contacts were made on each of the corners
of a sample by depositing 200nm of gold, annealing for
1 hour at 500◦C, applying DuPont silver paste over the
gold patches, and annealing again for 0.5 hour at 550◦C.
For the Bi-2212 sample, contacts were made by deposit-
ing 200nm of gold without any further annealing. All
final contact resistances are on the order of 2Ω. Since
we are only interested in the temperature dependence of
the resistance, the measured values were not converted
to resistivity.
Estimated Phonon Thermal Mean Free Path
Within a simple kinetic theory, both electrons and
phonons contribute to the thermal transport such that
the total thermal conductivity is
κ = cDQ = κph + κe = cphDph + ceDe
where the total specific heat is c = ce + cph. At room
temperature cph ≈ c, while ce  cph. Thus, if we as-
9sume no electronic contribution to thermal transport, we
approximate
Dph =
c
cph
DQ − ce
cph
De ≈ DQ
The mean free path is then estimated from the relation
DQ ∼ vs`phQ , where vs is the sound velocity. This ap-
proach is expected to fail when `phQ ≈ a, where a is the
lattice constant (a ≈ 4A˚ for all materials studied in this
paper). We summarize in Table II the room temperature
values of the materials parameters, and the calculated
phonon mean free path with the assumption that all the
diffusivity is due to phonons.
Alternative choice of α from the insulators
In the main text we have used α = 1 to extract vB
from the slope of the high temperature T-linear region in
inverse thermal diffusivity:
D−1Q = (α v
2
B
~
kB
)−1 T +D−10
The coefficient α is an unknown, order one constant in the
definition of the Plankian relaxation time, τ ≈ ~/(kBT ),
and may also include the dimensionality of the diffusion
process. It is possible that the precise value of this co-
efficient is sensitive to the microscopic details of system,
unlike the linear dependence itself which is expected to
be a universal feature. As we argued in the text, heat
transport is dominated by the lattice,. with electrons
adding to the overall diffusion process. Thus, it may
make sense to extract α from the equivalent parent insu-
lating, or lightly doped insulators of the same itinerant
systems. In fact, many complex insulators also exhibit a
high-temperature T-linear of D−1Q [11, 21, 23], with an ex-
tracted mean free path that approaches, or even becomes
a fraction of the lattice constant. Careful study of the in-
verse diffusivity also reveal that the extrapolated T → 0
inverse diffusivity vanishes. Since for insulators the rele-
vant velocity is the sound velocity, for these systems the
determination of α is unique.
Relevant to our data, Nd2CuO4 is the parent com-
pound of the doped NCCO studied here. However,
strong magnon contribution to the thermal conductiv-
ity may be a dominant effect. However, with light dop-
ing such as in Nd1.975Ce0.025CuO4, magnetism is weak-
ened while the material is still an insulator, and much of
the heat is transported by phonons. Using existing ther-
mal conductivity[46] and specific heat[47] measurements
of Nd1.975Ce0.025CuO4, we estimated in this insulating
compound α ∼ 2.0, which in turn gives the value of en-
tropy diffusion velocity as vB ∼ 1.13 × 106cm/s. This
estimated value is still larger than vs ≈ 7.0 × 105cm/s
in NCCO, which together with the finite intercept D−10
strengthen our claims that electrons make a substantial
contribution to the thermal transport in these materials.
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